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Abstract: Ad-hoc wireless networks are characterized by nodes mobility that makes the 
propagation environment time varying and subject to fading. The current models do not capture 
and track the time varying characteristics in the propagation environment. These time variations 
compel us to introduce more advanced dynamical models in order to capture higher order 
dynamics of the channel. Stochastic models, in which the evolution of the propagation 
environment is described by stochastic state space form, are derived. Inphase and quadrature 
components of the proposed stochastic models and their statistics are also derived. The 
parameters of the proposed models are determined by approximating the channel Doppler power 
spectral density (DPSD) by the Gauss-Newton method. Numerical results are provided to 
evaluate the performance of the proposed models. 
 
I.  INTRODUCTION 
Ad-hoc wireless networks comprise nodes that freely and dynamically self-organize into 
arbitrary and/or temporary network topology without any fixed infrastructure [1]. Such mobile-
to-mobile communication systems differ from the conventional cellular systems, where one 
terminal, the base station, is stationary, and only the mobile station is moving. As a consequence, 
the statistical properties of an ad-hoc link are different from a cellular one [2].   2
    Most of the research that takes into accounts ad-hoc channel modeling, such as [2]-[6], deals 
mainly with deterministic and/or statistical wireless ad-hoc channel models. In [4], a simulation 
model based on sum-of-sinusoids is introduced. The multiple-input multiple-output (MIMO) 
case is considered in [5]. In these models the speed of sensors is assumed to be constant and the 
statistical characteristics of the received signal are assumed to be fixed in time. But in reality, the 
propagation environment varies continuously due to mobility of the nodes at variable speeds 
causing network topology to change and objects to move in between the transmitter and the 
receiver resulting in appearance or disappearance of existing paths from one instant to the next. 
As a result, the current models that assume fixed statistics can no longer capture and track 
complex time variations in the propagation environment.   
    In this paper, the deterministic DPSD derived in [2] is used to develop dynamical stochastic 
state space models for ad-hoc channels, which consider the inphase and quadrature components 
as stochastic processes. The random variables characterizing the instantaneous power in static 
channel models are generalized to dynamical models including random processes with time 
varying (TV) statistics. Since these models are based on state space forms, they allow the tools of 
system theory, identification, and estimation to be applied to this class of problems [12]. 
Numerical results are provided to evaluate the performance of the proposed channel models. 
    The remainder of this paper is organized as follows. Section II presents the deterministic 
DPSD of ad-hoc channels as described in [2]. Section III discusses our proposed stochastic ad-
hoc channel models, while Section IV provides numerical results and link performance. Finally 
Section V provides some concluding remarks. 
 
II.  DETERMINISTIC DPSD OF AD-HOC CHANNELS 
Dependent on mobile speed, wavelength, and angle of incidence, the Doppler frequency shifts on 
the multipath rays give rise to a DPSD. For an ad-hoc link, with  1 f  and  2 f  as respectively the 
sender and receiver’s maximum Doppler frequencies, the degree of double mobility, denoted by   3
α , is defined to be  () ( ) 12 12 min , /max , f ff f α ⎡⎤ =⎣⎦ , where  1 α =  for full double mobility and 
0 α =  for single mobility like the cellular link. The deterministic ad-hoc DPSD,  () Sf, is [2]: 
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where  () K. is the complete elliptic integral of the first kind, p is the average power received by 
an isotropic antenna, G is the gain of the receiving antenna, fc is the carrier frequency, and 
() 12 max , m f ff = . The deterministic ad-hoc DPSD is used in the next section to derive a method 
based on stochastic differential equations (SDEs) for the inphase and quadrature components of 
the ad-hoc channel via approximations by rational functions. 
 
III.  STOCHASTIC AD-HOC CHANNEL MODELS 
The general TV model of a wireless channel is typically represented by the following multipath 
band-pass impulse response [7]: 
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where  () ; Ct τ  is the band-pass response of the channel at time t, due to an impulse applied at 
time  t τ − ,  N(t) is the random number of multipath components, and the set 
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=  describes the random TV inphase component, quadrature 
component, and arrival time of the different paths, respectively. Let  () l st be the transmitted 
signal, the band pass representation of the received signal is: 
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where  () l st is the transmitted signal,  0 {( ) } It vt ≥  and  0 {( ) } Qt vt ≥  are two independent and 
identically distributed (iid) white Gaussian noise processes. 
The main idea in constructing the dynamical models is to factorize the DPSD,  () Sf, into an 
approximate 4
th order even transfer function, and then use a stochastic realization to obtain a 
state space representation for the inphase and quadrature components. In general, in order to be 
able to describe  () Sf in the form of an SDE, we need to find a transfer function,  () Hf whose 
magnitude square equals  () Sf, i.e.  () ()
2
Sf Hf = . This is equivalent to  () () ( ) Ss HsH s =− , 
where  2 sjf π = . However, since  ( ) Sf in band-limited, it does not satisfy the Paley and Wiener 
condition [8] and therefore it is not factorizable.  Thus, the DPSD has to be first approximated by 
a rational transfer function,  () Sf  . 
    Several approximation methods can be used to approximate the ad-hoc DPSD. The choice of 
which depends on the required accuracy. In this paper, we consider the Gauss-Newton method 
for iterative search [9], which is used to generate a stable, minimum phase, and real rational 
transfer function, denoted by  () ˆ Hs, to identify the best model from the data of  () Hf as: 
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{ } 10 , bb b = ,  { } 10 , aa a = ,  () wt f  is the weight function, and l is the number of frequency points. 
Several variants have been suggested in the literature, where  ( ) wt f  gives less attention to high 
frequencies. Figure 1 shows the DPSD,  ( ) Sf, and its approximation  () Sf   using the Gauss-
Newton method for different α’s via 4
th order even function. It can be noticed that  ( ) Sf   
approximates ( ) Sf with high accuracy.   5
    Several stochastic realizations can be used to realize the ad-hoc channel transfer function in 
(5), the choice of which depends on the application. The stochastic observable canonical form 
(OCF) [12] is used to realize (5) for the jth path of the inphase component as: 
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where  () { }
0
I
j t Wt
≥  is a standard Brownian motion which correspond to the jth path of the inphase 
component,  ()
I
j f t  is an arbitrary function representing the line-of-sight of the inphase 
component characterizing further dynamic variations in the environment, and the parameters 
{ } 1010 ,, , aabb  are obtained from the approximation of the deterministic DPSD. The quadrature 
components have the same realization as in (6) except that subscript I is replaced with Q. Note 
that the parameters { } 1010 ,, , aabb  can also be estimated recursively on-line from received signal 
measurements using the expectation maximization algorithm as described in [10]. Now define,  
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Then, the band-pass representation of the received signal in (3) corresponding to the jth path is: 
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The stochastic state space model described in (6) has a solution given by [12]: 
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where L = I or Q. Therefore, the mean of  ( ) L X t  is: 
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and the covariance matrix of  () L X t  is: 
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    It can be seen in (10) and (11) that the mean and variance of the inphase and quadrature 
components are functions of time. Indeed, these stochastic state space models reflect the TV 
characteristics of the ad-hoc channel. In the next section, link performance of ad-hoc links using 
the developed stochastic models will be determined numerically and compared with that of 
cellular links. 
IV.  LINK PERFORMANCE FOR AD-HOC CHANNELS 
Time-domain simulation of ad-hoc channels can be performed by passing two independent white 
noise processes through two identical filters,  ( ) ˆ Hs, one for the in-phase and the other for the 
quadrature component [11], and realized in their state-space form as described in (6). For 
simplicity we will consider the case of flat fading, in which the ad-hoc channel has purely a 
multiplicative effect on the signal. Thus it can be considered as a single path [7]. BPSK is the 
assumed modulation technique and the carrier frequency is  900MHz c f = . We test 10000 frames 
of P = 100 bits each. We assume the mobile nodes are vehicles, with the constraint that the 
average speed over the mobile nodes is 30 km/hr. This implies  12 60km/hr vv + = , thus for an ad-
hoc link with α = 0 we get  1 60km/hr v =  and  2 0 v = . The cellular case is defined as the scenario 
where the link connects a mobile node with speed 30 km/hr to a permanently stationary node, 
which is the base station. Thus, there is only one mobile node, and the constraint is satisfied. 
    Figure 2 shows the attenuation coefficient,  () () ()
22 rt I t Q t =+ ,  for both the cellular case 
and the worst-case ad-hoc case (α = 0). It can be noticed that deep fading (envelope less than –12 
dB) on the ad-hoc link occurs more frequently and less bursty (48% of the time for the ad-hoc 
link and 32% for the cellular link). Therefore, the increased Doppler spread due to double   7
mobility tends to smear the errors out. Consider the data rate given by  / 5 Kbps bc RP T ==  
which chosen such that the coherence time Tc equals the time it takes to send exactly one frame 
of length P bits, a condition where variation in Doppler spread greatly impacts the frame error 
rate (FER). Figure 3 shows the link performance for 10000 frames of 100 bits each. It is clear 
that the ad-hoc link is worse than the cellular link, but the performance gap decreases as  1 α → . 
The gain in performance is nonlinear with α, as the majority of gain is from α = 0 to α = 0.5. This 
agrees with the main conclusion of [3], that an increase in degree of double mobility mitigates 
fading by lowering Doppler spread. 
V.  CONCLUSION 
Stochastic models for mobile-to-mobile wireless channels have been derived. These models take 
into account the statistical and time variations in ad-hoc channels. The dynamics are captured by 
a stochastic state space representation, whose parameters are determined by approximating the 
deterministic DPSD.  Alternatively, the parameters may be estimated recursively on-line from 
received signal measurements following, for e.g., the method proposed in [10]. The state space 
models have been used to simulate the effect of fading on the inphase and quadrature 
components of ad-hoc networks. 
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Figure 1.  DPSD,  () Sf, and its approximation,  () Sf  , using the Gauss-Newton method via 4
th order function for 
different values of α’s. 
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Figure 2.  Rayleigh attenuation coefficient for cellular and worst-case ad-hoc links. 
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Figure 3.  FER results for Rayleigh flat ad-hoc fading link for different α’s compared with cellular link. 